IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

PATENT APPLICATION FOR 

POWER SYSTEM HAVING A POWER FACTOR CORRECTION CIRCUIT 



Inventors 
Joseph G. Elek 
JeffG. Felty 
Neil A. Kammiller 
Dennis Knurek 



CLI-1113620vl 
560043 - 630064 



EV 243792639 US 

POWER SYSTEM HAVING A POWER FACTOR CORRECTION CIRCUIT 

This application is a continuation of United States Patent Application Ser. No. 
10/152,883, filed May 21, 2002, which claims the benefit of United States Provisional 
Application Ser. No. 60/292,350, filed on May 21, 200L The entire disclosure of 
5 Application Ser. Nos. 10/152,883 and 60/292,350 are hereby incorporated into the present 
appUcation by reference. 

BACKGROUND OF THE INVENTION 
1. Technical Field 

10 The invention is generally directed to the field of power systems. More specifically, 

the invention is directed to power systems that generate a regulated constant output voltage. 
The invention is particularly applicable for use in the telecommunications industry and will 
be described with particular reference thereto. It will be appreciated, however, that the 
invention has broader aspects and can be used for other purposes and in other industries. 

1 5 2. Description of the Related Art 

Power systems including regulated power systems are in widespread use in a variety 
of environments including power systems used in the telecommunication industry. There is a 
general need for improvements in various power systems, power circuits, and power 
components. 

20 SUMMARY 

A power rectifier includes a DC/DC converter. The DC/DC converter includes first 
and second bridges comprising a plurality of switch elements and a plurality of coupling 
capacitors. Each coupling capacitor couples one of the switch elements of the first bridge to 
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one of the switch elements of the second bridge. The first and second bridges are connected 
to a transformer comprising a first primary winding, a second primary winding, and a 
secondary winding. A coupled inductor comprises first and second inductors and is 
connected to the transformer so that the first and second primary windings are inductively 

5 coupled through the coupled inductor. 

The power rectifier also includes a plurality of power supply units ("PSUs"). Each 
PSU has an output that is coupled to the output of other PSUs in the power system. Each 
PSU comprises a first, second, and third power train and a control assembly. Each power 
train comprises a power factor correction ("PFC") circuit that receives an AC input and 

1 0 generates a first DC output and a DC/DC converter circuit that receives the first DC output 
and generates a second regulated DC output. The control assembly has a signal path to the 
first, second, and third power trains. The control assembly monitors outputs suppUed by the 
first, second, and third power trains and in response thereto provides control signals to each 
of the first, second, and third power trains. 

1 5 The power rectifier also includes a plurality of control assembly input circuits, a 

signal processor, and a pluraUty of control assembly output circuits. The control assembly 
input circuits are operative to measure characteristics relating to each of the power trains and 
are operative to generate a measured characteristics output. The signal processor is operative 
to receive the measured characteristics output, perform computations wherein the measured 

20 characteristics output is used in the computations, and generate a signal processor output. 

The plurality of control assembly output circuits are operative to generate error signals based 
on the signal processor output. 
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The power rectifier also includes an inductive coupler. An inductive coupler 
comprises a first coil defining a first outer periphery and a second coil defining a second 
outer periphery. A metal member extends around the first and second outer peripheries of 
the first and second coils forming a conductive loop. 
5 The power rectifier also includes a phase controlled drive circuit. The phase 

controlled drive circuit includes a drive circuit operable to provide gate signals to an SCR 
bridge circuit and a phase control circuit. The phase control circuit includes a first phase 
generator operable to generate a first phase signal, and a second phase generator operable to 
generate a second phase signal. The second phase signal is periodically reset to an initial 

1 0 value. A drive circuit actuator in the phase control circuit is operable to place the drive 
circuit in a first activation state when a sum of the first and second phase signals exceeds a 
threshold value, and is fiuther operable to place the drive circuit in a second activation state 
when the sum of the first and second phase signals is less than the threshold value. 

The power rectifier also includes a power factor correction circuit. A power factor 

1 5 correction circuit includes a power circuit comprising first and second input capacitors, first 
and second coupled inductors, first and second switches, and an output circuit. The first and 
second input capacitors form a bank node. The first and second switches are connected to 
the first and second inductors and the bank node. Likewise, the first an second input 
capacitors are connected to the first and second inductors. The output circuit is operable to 

20 produce an output voltage. A control circuit is operable to monitor the output voltage and 
produce a switch signal at a switching frequency. A drive circuit is coupled to the control 
circuit and the first and second switches and is operable to operate the first and second 
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switches based on the switch signal. The drive circuit and control circuit are connected to a 
flying node, the flying node at a common voltage at the switching frequency. 

BRIEF DESCRIPTION OF DRAWINGS 

FIG. 1 is a diagram illustrating an embodiment of a power supply assembly; 

FIG, 2 is block diagram illustrating connectivity of the power supply units used in the 
power supply assembly; 

FIG. 3 is a block diagram illustrating the configuration of the power supply unit; 

FIG. 4 is a schematic diagram of a three phase power factor correction assembly; 

FIG. 5 is a schematic diagram of an altemate three phase power factor correction 
assembly; 

FIG. 6 is a block diagram of an embodiment of the power factor correction assembly; 

FIG. 7 is a block diagram of a power factor correction circuit; 

FIG. 8 is a more detailed block diagram of a power factor correction circuit* 

FIG. 9 is a schematic diagram of a power circuit; 

FIG. 9A is a schematic diagram of an exemplary switch; 

FIG. 10 is a schematic diagram of a switch control circuit; 

FIG. 1 1 is a schematic diagram of a switch driver circuit; 

FIG. 12A is a schematic diagram of an alternative embodiment of a power circuit; 
FIG. 12B is a schematic diagram of another alternative embodiment of a power 

circuit; 

FIG. 13 is a schematic diagram illustrating a top view of an inductor device having 
adjustable couphng between first and second coils; 
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FIG. 14A is a cross section view of the inductor device of FIG. 13; 

FIG. 14B is a cross section view of the inductor device of FIG. 13, and further 
including an insulating material; 

FIG. 14C is a cross section view of another embodiment of an inductor device having 
adjustable coupling between first and second coils; 

FIG. 14D is a cross section view of another embodiment of an inductor device having 
adjustable coupling between first and second coils; 

FIG. 14E is top view of another embodiment of an inductor device having adjusting 
couphng between first and second coils; 

FIG. 14F is a cross section view of another embodiment of an inductor device having 
adjustable coupling between the first and second coils; 

FIGS. 15-17 provides firont, top and side views of an inductor device having 
adjustable coupling between first and second coils; 

FIGS. 1 8 A and 1 8B provide a fi-ont and top view of an inductor device with an air 
core and having adjustable coupling between first and second coils; 

FIG. 19 is a schematic diagram of a current doubler with a coupled inductor; 

FIG. 20A is a schematic diagram of a bridge rectifier circuit used in an inrush limiting 

circuit; 

FIG. 20B is a block diagram of the inrush limiting circuit; 
FIG. 21 is a more detailed block diagram of the inrush limiting circuit; 
FIG. 22A is a schematic diagram of an SCR drive circuit; 
FIG. 22B is a schematic diagram of a phased soft start circuit and a zero cross 
detection circuit; 
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Fig. 23 is a block diagram of series connected fiill bridge circuit; 
FIG. 24 is a schematic diagram of an embodiment of the series connected full bridge 
circuit of Fig. 23; 

FIG. 25 A is a schematic diagram of the series connected full bridge circuit during a 
5 first switch state; 

FIG. 25B is a schematic diagram of the series connected full bridge circuit during a 
second switch state; 

FIG. 25C is a schematic diagram of the series connected full bridge circuit during a 
third switch state; 

10 FIG. 25D is a schematic diagram of the series connected full bridge circuit during a 

fourth switch state; 

FIG. 25E is a schematic diagram of the series connected full bridge circuit during a 
fifth switch state; 

FIG, 26 is a schematic diagram of another embodiment of the series connected full 
15 bridge circuit of Fig. 23; and 

FIG. 27 is a block diagram illustrating a preferred arrangement of components within 
a preferred power supply unit; 

FIG. 28 is a block diagram illustrating a preferred DC/DC converter; 

FIG. 29 is a schematic diagram of an exemplary DC/DC converter with a current 
20 sense circuit; 

FIG. 30 is a block diagram that illustrates a preferred control topology in a power 
supply unit; 
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FIG. 31 is a block diagram that illustrates a preferred control circuit in a DC/DC 
converter; 

FIG. 32 is schematic diagram of a preferred control circuit in a DC/DC converter; 
FIG. 33 is a block diagram that illustrates a preferred digital control assembly in a 
power supply unit; 

FIGS. 34A, 34B, 34C, 34D, 34E, 34F, 34G, and 34H are schematic diagrams of 
exemplary circuits depicted in the block diagram of Fig, 33; 

FIG. 35 is a flow chart of a preferred current balance algorithm executed by the 
digital control assembly; 

FIGS. 36A & 36B are a block diagram of a preferred DSP circuit; and 

FIG. 37 is a block diagram of a preferred DSP circuit. 

DETAILED DESCRIPTION 

FIG. 1 is a diagram illustrating an embodiment of a power supply assembly 100 that 
is particularly useful in the telecommunications industry. The preferred power supply 
assembly 100 comprises a power supply enclosure 200, a power distribution assembly 210, a 
power rectifier assembly 300, and a fan assembly 400. The preferred power supply assembly 
100 accepts three-phase power as an input and outputs DC output power. Illustratively, the 
power supply assembly receives three-phase power input at 480 Vrms and outputs 48 V DC at 
up to 2000A. 

The power supply enclosure 200 provides the mechanical mounting locations for the 
physical components within the power supply assembly 100. The power distribution 
assembly 210 comprises mounting hardware and devices, such as fuses and circuit breakers, 
for distributing power to systems that will use the regulated DC power. The rectifier 300 
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generates the regulated DC power from the AC input. And, the fan assembly 400 provides a 
mechanism for cooling components in the power supply assembly 100. 

As shown in Figs. 1 and 2, the rectifier assembly 300 comprises a plurality of power 
supply units (PSUs) 1000 that are coupled together in parallel to generate the desired output 
5 current capacity. Shown in Fig. 3 is a block diagram of a preferred PSU 1000. The preferred 
PSU 1000 comprises an active three phase power factor corrector assembly ("30 PFC 
assembly") 400, a DC/DC converter assembly 500, and a digital control assembly ("DCA") 
600. In the embodiment illustrated, the 30 PFC assembly 400 accepts three phase AC input 
power and generates DC output power. The DC/DC converter assembly 500 receives the 
10 unregulated DC output generated by the 30 PFC assembly 400 and converts the unregulated 
DC output to a regulated DC output voltage. The DCA 600 receives inputs from the 30 PFC 
assembly 400 and the DC/DC converter assembly 500 and generates control signals for the 
30 PFC assembly 400 and the DC/DC converter assembly 500. 

With reference to Fig. 4, the preferred 30 PFC assembly 400 comprises three PFC 
15 assemblies 410, one for each phase of the three phase input power source. In one 
embodiment, the output of each PFC assembly 410 is provided to a separate DC/DC 
converter 510. In an alternative embodiment, as illustrated in Fig. 5, the output of all three 
PFC assemblies 410 within a 30 PFC assembly 400 are coupled together in parallel and 
provided to a single DC/DC converter 510. As illustrated in Fig. 6, each PFC assembly 410 
20 preferably comprises a power factor correction circuit 2000, a coupled inductor 3000 having 
an adjustable coupling factor, and a phase controlled inrush limiting circuit 4000. 

It is to be understood that the components, circuits, systems and methods described 
herein do not have to be implemented together. Many novel features that may be 
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implemented in power systems are described herein. The novel features may be 
implemented separately or in combination with other novel features described herein. 

POWER FACTOR CORRECTION CIRCUIT 2000 

5 As illustrated in Fig. 7, the preferred power factor correction circuit 2000 comprises a 

power circuit 2100, a control circuit 2200 and a switch drive circuit 2300. The control circuit 
2200 monitors the power circuit 2100 and controls the switch drive circuit 2300 to adjust the 
output of the power circuit 2100. 

Fig. 8 provides a more detailed block diagram of the preferred power factor 
10 correction circuit 2000. The power circuit 2100 comprises an input bank 2102 that includes a 
first input bank circuit 2104 and a second input bank circuit 2106. The first and second input 
bank circuits 2104 and 2106 are symmetric about a bank node 2108. 

The input bank 2102 is connected to an output bank 21 10. The output bank 21 10 
comprises a first output bank circuit 21 12 and a second output bank circuit 2114. The first 
15 and second output bank circuits 2112 and 21 14 are also symmetric about the bank node 2108. 

A rectified AC input voltage is provided across input terminals 2103 and 2105 of the 
first and second input bank circuits 2104 and 2106, respectively. A regulated DC output 
voltage is generated across the output terminals 2111 and 21 13 of the first and second output 
bank circuits 2112 and 2114, respectively. The input voltage provided across the input 
20 terminals 2103 and 2105 is substantially balanced so that the magnitude of the voltage 
measured fi"om the input terminal 2103 to the bank node 2108 is substantially equal to the 
magnitude of the voltage measured from the bank node 2108 to the input terminal 2105. 
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Likewise, the voltage from the output terminal 21 1 1 to the bank node 2108 is substantially 
equal to the voltage from the bank node 2108 to the output terminal 21 13. 

At the output bank 2110, the voltage between the output terminal 21 1 1 and bank node 
2108 and between the bank node 2108 and the output terminal 21 13 is referred to as the half- 
5 bank voltage. The half-bank voltage is approximately one-half the voltage between the 
output terminals 2111 and 2113. 

The control circuit 2200 monitors the regulated DC output voltage at the output 
terminals 21 1 1 and 2113, the rectified input voltage at the terminals 2103 and 2105, and a 
current signal in the power circuit 2100. The control circuit 2200 preferably operates from a 
1 0 flying node 2202. The flying node 2202 is a node that is either connected to the bank node 
2108 or the output terminal 2113. Thus, the voltage on the flying node is either at the half 
bank voltage or the voltage at the output terminal 2113. Accordingly, the magnitude of the 
voltage change of the flying node 2202 is equal to the magnitude of the half bank voltage. 
The switch drive circuit 2300 receives a control signal from the control circuit 2200 
1 5 and provides a drive signal to drive switches in the first and second output banks 2 1 1 2 and 
2114. The switch drive circuit 2300 also operates from the flying node 2202. 

A more detailed schematic diagram of the power circuit 2100 is provided in Fig. 9. 
The power circuit 2100 comprises a symmetrical arrangement of two switches S2122 and 
S2124, two free wheeling diodes D2126 and D2128, a multi-winding inductor L2130 that 
20 preferably comprises inductor coils L2 1 32, L2 1 34 and L2 1 36, two input capacitors C2 1 3 8 
and C2140 coimected in series across a rectified line, and two series connected bank 
capacitors C2142 and C2144. A current sensing resistor R2146 is monitored by the control 
circuit 2200. 
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The circuit of Fig. 9 is symmetric about the bank node 2108. A rectifier 2148 
receives an AC input and provides a rectified voltage that is divided evenly above and below 
the bank node 2108. Thus, the voltages across the capacitors C2138 and C2140 are 
substantially equal. Balancing across the bank node is described in further detail below. The 
5 rectifier 2148 could be a standard rectifier known to those skilled in the art or altematively 
the bridge circuit 4001 described herein in the Inrush Limiting Circuit 4000 Section. 

Shown in Fig. 9A is a preferred switch that can be used as switches S2122 and S2124. 
The preferred switch comprises IGBT Q2150 coupled to a base resistor R2 152. The 
preferred switch receives input signals fi'om the switch drive circuit 2300 and changes states 
10 in response thereto. Altemative switches may be realized by using MOSFETs, BJTs, or 
other switching devices. 

The state of the switches S2122 and S2124 determines the voltage of the flying node 
2202. When the switch S2124 is in an open state, the diode D2128 conducts and thus the 
flying node 2202 is at a voltage equal to the voltage at the output terminal 2113. When the 
1 5 switch 82 124 is a closed state, the diode D2128 does not conduct and the voltage at the 
flying node 2202 is equal to the half-bank voltage at the node 2108. Therefore, the flying 
node 2202 has a voltage swing at an operating frequency of the control circuit 2200. The 
magnitude of the voltage is approximately equal to the half-bank voltage. 

The control circuit 2200, as illustrated in Fig. 10, utilizes a controller A2204. An 
20 exemplary controller A2204 is a Unitrode/Texas Instruments UCC281 80DW BiCMOS 

Power Factor Preregulator. The flying node 2202 connected to Pin 1 of the controller A2204 
switches at the operating frequency of the power factor correction circuit 2200 at a switched 
magnitude equal to the half-bank voltage. In the illustrative embodiment of Figs. 8-11, the 
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half-bank voltage is 400V and the operating frequency is 100 kHz. The supply voltage 
VCCPl likewise flies at 400V, 100 kHz, and is referenced from the flying node 2202. 

Aside from the flying node 2202, the circuitry connected to pins 1, 2, 3, 4, 5, 7, 8, 9, 
10, 12, 13, 14, and 15 is substantially similar to the circuitry connected to the controller when 
5 using a ground instead of the flying node 2202, as recommended by the manufacturer of the 
controller A2204. Accordingly, only the circuitry connected to pins 6, 1 1, and 16 is 
discussed in detail below. 

Pin 1 1 references a bank voltage signal measured from output terminals 21 1 1 and 
2113. Because the flying node 2202 is flying at 400V, lOOkHz, a difference amplifier A2206 
10 is used to obtain the bank voltage signal. The difference amplifier A2206 includes a resistor 
R2208 and a capacitor C2210 connected in parallel between the inverting input and the 
output of the ampUfier A2206. Similarly, a resistor R2212 and a capacitor C2214 are 
connected in parallel between the non-inverting input and the flying node 2202. 

A bypass capacitor C2216 may also be added between the inverting and non-inverting 
15 inputs for added stability or noise rejection. A first resistor R2218 connects the output 

terminal 21 1 1 of the power circuit 2100 to the non-inverting input of the difference amplifier 
A2206, and a second resistor R2220 connects the output terminal 21 13 of the power circuit 
2100 to the inverting input of the difference ampHfier A2206. 

The difference amplifier A2206 rejects the common mode component of the 400V, 
20 100 kHz signal, and provides a proportional amount of the output voltage of the power circuit 
2100 through resistor R2222 to Pin 1 1 of the controller A2204. 

Pin 6 of the controller A2204 receives a current signal that is proportional to the input 
voltage applied to the input terminals 2103 and 2105. A resistor R2224 connects Pin 6 of the 
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controller A2204 to the terminal L2136a of the inductor coil L2136 (shown in Fig. 9). The 
inductor coil L2136 bucks out the 400V, 100 kHz signal. The resistor R2224 converts the 
voltage signal appearing on the terminal 2136a to a current signal. The voltage to be 
monitored and applied to the resistor R2224 is between the inductor coil terminals L2132a 
5 and L2 1 34b. By means of the inductor coil L2 1 36, the voltage appearing between the 
inductor coil L2134 is cancelled. Thus, the voltage between the inductor coil terminals 
L2136a and L2134a is essentially the same as the voltage between the inductor coil terminals 
L2132a and L2134b. 

Pin 16 of the controller A2204 is connect to the switch drive circuit 2300 and 

10 provides a drive signal. A schematic diagram for the switch drive circuit 2300 is shown in 
Fig. 11. The switch drive circuit includes a driver A2302. An exemplary driver A2302 is an 
IR21 lOS High And Low Side Drive, available from Intemational Rectifier. The drive signal 
from Pin 16 of the controller A2204 is provided to high side gate drive input Pin 12 and the 
low side gate drive input Pin 14 of the driver A2302, and thus the switches S2122 and S2124 

1 5 are driven on and off in unison. 

The driver A2302 operates from the flying node 2202. Pin 6 of the driver A2302 is at 
the half-bank voltage, as it is connected to the bank node 2108. Pin 8 provides a high side 
gate drive output signal to the coupled bases of the NPN-PNP paired transistors Q2310 and 
Q2312. The output of the paired transistors Q2310 and Q2312 drives the switch S2122. 

20 Likewise, Pin 1 provides a low side gate drive signal to the coupled bases of the NPN-PNP 
paired transistors Q2320 and Q2322. The output of the paired transistors Q2320 and Q2322 
drives the switch S2124. 
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The power factor correction circuit 2200 enables power factor correction for high 
voltage inputs using switches S2122 and S2124, such as FETs or IGBTs, that in some 
embodiments are rated considerably less than the total output bank voltage. Furthermore, 
because the controller A2204 and the driver A2302 operate from a flying node 2202, both the 
5 controller A2204 and the driver A2302 dynamically adjust to receive the monitoring signals 
from the power circuit 2100 and to provide the drive signals for the switches S2122 and 
S2124. 

During operation of the power factor correction circuit 2200, the switches S2122 and 
S2124 are turned on and off simultaneously. The voltage at the input terminals 2103 and 

10 2 1 05 and at the output terminals 2111 and 2113 is substantially balanced with respect to the 
bank node 2108. The balancing of the voltage across the capacitors C2138 and C2140 occurs 
when the switches S2122 and S2124 are closed. When these switches close, two symmetric 
circuits common to the bank node 2108 are created. The first symmetric circuit comprises a 
series connected input capacitor C2138, inductor coil L2132, and switch S2122. The second 

15 symmetric circuit comprises a series connected input capacitor C2140, inductor coil L2134, 
and switch S2124. In the second symmetric circuit, the impedance of current sensing resistor 
R2146 is negligible, and thus the voltage drop across this resistor is ignored. Thus, both 
symmetric circuits essentially comprise a series connected capacitor and inductor coil sharing 
a common node. 

20 The coupling of the inductor coils L2132 and L2134 aids in the balancing of the input 

voltage across the input capacitors C2138 and C2140. The inductor coils L2132 and L2134 
are preferably a moderately coupled inductor device L2130. A preferred moderately coupled 
inductor is the inductor device 3000 which is described in further detail below in the 
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COUPLED INDUCTOR 3000 section. The coupling of the inductor coils L2132 and L2134 
causes the currents and voltages in each symmetric circuit to substantially match when the 
switches are closed. As coupling between the inductor coils L2132 and L2134 is increased, 
the balancing of the voltage across the capacitors C2138 and C2140 is increased. However, 
5 with very tight coupling between the inductor coils L2132 and L2134, transients in each 
symmetric circuit tend to increase when the switches S2122 and S2124 close. 

During the remaining time that the switches S2122 and S2124 are closed, energy is 
stored in the inductor L2130. The voltage applied across the inductor coils L2132 and L2134 
is also equaUzed to the voltage across the capacitors C2138 and C2140, respectively. The 
1 0 rate of the current changes in each inductor coil L2 1 32 and L2 1 34 also tends to be equal. 
The switches S2122 and S2124 are turned off at the same time, creating a 
freewheeling interval for diodes D2126 and D2128. When the switches S2122 and S2124 
turn off, two symmetric circuits are created. The first symmetric circuit comprises a series 
connected input capacitor C2138, inductor coil L2132, diode D2126, and bank capacitor 
15 C2142. The second symmetric circuit comprises a series connected input capacitor C2140, 
inductor coil L2134, diode D2128, and bank capacitor C2144. In the second symmetric 
circuit, the impedance of current sensing resistor R2 146 is negligible, and thus the voltage 
drop across this resistor is ignored. Both symmetric circuits are symmetric about the bank 
node 2108. Additionally, the currents in both symmetric circuits at the moment the switches 
20 S2122 and S2124 open are substantially equal. 

In the first symmetric circuit, the voltage measured from the bank node 2108 to the 
input terminal 2103 is positive. Energy stored in the inductor coil L2132 is released to the 
bank capacitor C2142 through the diode D2126. As the energy is released, the current 
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decreases. Thus, the magnitude of output voltage across the output terminal 21 11 and to the 
bank node 2108 is greater than the magnitude of the input voltage across the input capacitor 
C2138. 

In the second symmetric circuit, the voltage measured from the bank node 2108 to the 
input terminal 2105 is negative. Energy stored in the inductor coil L2134 is released to the 
bank capacitor C2144 through the diode D2128. As the energy is released, the current 
decreases. Thus, the magnitude of output voltage across the output terminal 21 13 and the 
bank node 2108 is greater than the magnitude of the input voltage across the input capacitor 
C2140. 

Accordingly, energy stored in the inductor L2130 when the switches S2122 and 
S2124 are closed is released to the bank capacitors C2142 and C2144 when the switches 
S2122 and S2124 are open. The interval that occurs while the switches are open is the 
"freewheeling" interval. The voltages across the input capacitors C2138 and C2140 
substantially match at the beginning of the freewheeling interval, and the magnitude of the 
current at the beginning of the freewheeling interval matches in the two freewheeling diodes 
D2126 and D2128 and falls at substantially the same rate for each. Therefore the bank 
capacitors C2142 and C2144 receive equal amp-seconds and thereby have matching voltages. 

Shown in Fig. 12A is an alternative embodiment of the power circuit 2100. This 
power circuit comprises a first coupled inductor having inductor coils 2160 and 2162, and a 
second coupled inductor having inductor coils 2170 and 2172. Inductor coils 2160 and 2170 
store and release energy is a similar manner as described above with respect to inductor coils 
L2 1 32 and L2 1 34. Inductor coils 2 1 62 and 2 1 72 flow freewheeling current through diodes 
D2164 and D2174, respectively, to balance the voltage on the bank capacitors C2142 and 
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C2144. Moderately coupling the inductor coils 2160 and 2162, and moderately coupling the 
inductor coils 2170 and 2172 aids in achieving the balancing across the bank node 2108 
substantially as described above. 

With reference to Figs. 10 and 1 1, in another embodiment of the power factor 

5 correction circuit 2000, the ground Pin 1 of the controller A2204 (and other circuitry in Fig. 
10 coupled to Pin 1) is connected to the output terminal 21 13 instead of the flying node 2202. 
Thus, the ground Pin 1 does not fly at the half bank voltage as previously described. 
However, the COM Pin 2 of the driver A2302 remains referenced from the flying node 2202 
and operates as previously described. 

1 0 With reference to Fig. 1 2B, in another embodiment, the addition of current 

transformer 2154 between the switch 2124 and the flying node 2202 and a second current 
transformer 2156 in series with diode D2128 at the anode provides the current signal 
received by the controller A2204. The secondary windings of the current transformers are 
coupled to a rectifier and summing device 2158 and summed into the resistor R2 146, which 

1 5 is added is series between pins 4 and 2 of the controller A2204. Thus, the current sense 
resistor R2146 may be eliminated from the direct path in the power circuit 2100, and the 
controller A2204 may be referenced from a ground rather than the flying node 2202. The 
switches S2122 and S2124 may then be driven from gate transformers or optical couplers. 
It is also to be appreciated that the switches S2122 and S2124 need not be directly 

20 coupled to the switch drive circuit 2300. For example, gate transformers or optical couplers 
may be used to drive the switches S2122 and S2124. If gate transformers are utilized, the 
gate transformer for the switch S2122 is referenced from the bank node 2108 and the gate 
transformer for the switch S2 124 is referenced from the flying node 2202. If the switches 
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S2122 and S2124 are switching devices actuated by an optical signal, the drive circuit may 
only be optically coupled to the switches S2122 and S2124. 

The power factor correction circuit 2100 thus may utiUze semiconductor devices 
rated at one-half the output voltage across the output terminals 2111 and 2113. Furthermore, 
5 the topology of the power circuit 2200 inherently balances without a separate balancing 
control system. Finally, the power factor correction circuit 2100 may be combined with 
other power factor correction circuits 2100, thus providing for three single phase circuits to 
be combined to share a bank capacitor and a single dc-dc converter load, as illustrated in Fig. 
5. 

10 COUPLED INDUCTOR 3000 

The moderately coupled inductor device as previously described may be better 
understood with reference to Figs. 13-18B. In particular, Fig. 13 provides a schematic 
diagram illustrating a top view of an inductor device 3000 having adjustable coupling 
between a first coil 3100 and a second coil 3200. A first pair of inductor leads 3102 and 

15 3 1 04 is connected to the first coil 3 1 00, and a second pair of inductor leads 3202 and 3204 is 
connected to the second coil 3200. The first coil 3 100 defines an outer periphery 3112 and 
an inner periphery 31 14. Similarly, the second coil 3200 defines an outer periphery 3212 and 
an inner periphery 3214. 

A first C core 3300 includes legs 3302 and 3304, and a second C core 3310 includes 

20 legs 3312 and 3314. Distal portions 3303, 3305, 3313 and 3315 of the legs 3302, 3304, 3312 
and 3314, respectively, are separated by an air gap 3319. The air gap controls the reluctance 
of the magnetic path through the C core. An alternate method of controUing the reluctance is 
to use a lower permeability material for the C core and reducing or eliminating the air gap. 
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The first coil 3100 is disposed over the C core legs 3302 and 3312, and the second core 3200 
is disposed over C core legs 3304 and 3314. The first and second coils 3100 and 3200 may 
be directly wrapped around the cores legs 3302, 3304, 3312 and 3314, or may be wrapped 
around plastic bobbins that sHdably receive the core legs 3302, 3304, 3312 and 3314. 

Normally, in parallel disposition the first coil 3100 and the second coil 3200 on the 
opposite legs of the C cores 3300 and 3310 have very loose coupling. However, the coupling 
between the first coil 3100 and the second coil 3200 may be increased by adding a metal 
member 3400 that extends around the outer periphery 3112 of the first coil 3100 and the 
outer periphery 3212 of the second coil 3200 to form a conductive loop. The metal member 
3400 increases the magnetic interface between the first coil 3100 and the second coil 3200 to 
increase the resultant coupling between them. The first coil 3100 and the second coil 3200 
are essentially coupled by transformer action through the metal member 3400. 

The amount of coupling between the first coil 3 100 and the second coil 3200 for a 
given inductor structure with a fixed core size, fixed aspect ratio, and fixed tums may be 
varied by changing the width, position, shape, the number metal members or the number of 
tums of metal members extending around the outer peripheries 3 1 12 and 3212. A wide range 
of coupling can be attained. 

The metal member 3400 may comprise a single metal band extending around the first 
and second outer peripheries 31 12 and 3212 of the first and second coils 3100 and 3200. 
Alternatively, the metal member 3400 may comprise metal sections connected by conductive 
wires, or may even comprise a plurality of shorted conductor loops. 

Fig. 14A provides a cross-sectional view of the inductor device 3000 of Fig. 13. The 
first and second coils 3100 and 3200 are disposed over the first and second core legs 3302 
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and 3304 as previously described. The cross-sectional view of Fig. 14A also shows that the 
first coil 3 1 00 defines top and bottom peripheries 3 1 1 6 and 3 1 1 8, and that the second coil 
defines top and bottom peripheries 3216 and 3218. The metal member 3400 extends around 
the outer peripheries 31 12 and 3212 and portions of the top and bottom peripheries 3116, 

5 31 18, 3216 and 3218 to form a conductive loop and thus couple the first and second coils 
3 100 and 3200 by transformer action. The metal member 3400 may further follow the 
contour of the first and second coils 3100 and 3200 closely around essentially the entire 
circumferences of the first and second coils 3100 and 3200 to obtain maximum coupling. 

Note that the thickness t of the metal member 3400 shown in Fig. 14A is exaggerated. 

10 Illustratively, if the metal member 3400 comprises a metal band, the thickness t of the metal 
member will be less than the thickness depicted in Fig. 14 A. 

Fig. 14B provides a cross-sectional view of the inductor device of Fig. 13, in which 
the inductor device 3000 further includes insulation material 3320 interposed between the 
first coil 3100 and core leg 3302, and insulation material 3330 interposed between the second 

15 coil 3200 and core leg 3304. Furthermore, insulation material 3321 is interposed between the 
first coil 3100 and the metal member 3400, and likewise insulation material 3331 is 
interposed between the second coil 3200 and the metal member 3400. The insulation 
material 3320, 3321, 3330 and 3331 is provided to prevent shorting of the coils 3100 and 
3200 to the core legs 3302 and 3304, and to the metal member 3400. Furthermore, the 

20 thickness d of insulation material 3321 and 3331 may be selected to adjust the coupling of 
the first coil 3100 and the second coil 3200 through the metal member 3400. Generally, as 
the thickness d of the insulating material 3321 and 3331 increases, the coupling between the 
first and second coils 3100 and 3200 through the metal member 3400 will decrease. 

20 
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Fig. 14C is another embodiment of an inductor device 3000 having adjustable 
coupling between the first coil 3100 and the second coil 3200. The inductor device 3000 is 
substantially as described with respect to Fig. 14A, except that the metal member 3400 
comprises first and second sections 3402 and 3412. The first section 3402 has distal regions 
5 3404 and 3406 and is disposed around the outer periphery 3112 and portions of the top and 
bottom peripheries 31 16 and 31 18 of the first coil 3100. The second section 3412 has distal 
regions 3414 and 3416 and is disposed around the outer periphery 3212 and portions of the 
top and bottom peripheries 3216 and 3218 of the second coil 3200. The first and second 
sections 3402 and 3412 are connected by one or more conductive wires 3422 and 3424 to 

10 form a conductive loop. The coupling between the first coil 3100 and the second coil 3200 
when using the first and second sections 3402 and 3412 will be less than the coupling when 
using a continuous metal member 3400 as described with reference to Fig. 14A. 

Fig. 14D provides another embodiment of an inductor device 3000 having adjustable 
coupling between the first coil 3100 and the second coil 3200. The embodiment of Fig. 14D 

15 is similar to the embodiment of Fig. 14C, except that additional coupHng is provided by a top 
metal member 3430 that extends across portions of the top peripheries 3116 and 3216 of the 
first and second coils 3 100 and 3200, and a bottom metal member 3440 that extends across 
portions of the bottom peripheries 3118 and 3218 of the first and second coils 3100 and 
3200. The distal regions 3432 and 3442 of the first and second metal members 3430 and 

20 3440 are connected by one or more conductive wires 3452 adjacent the outer periphery 3112 
of the first coil 3100. Likewise, the distal regions 3434 and 3444 of the first and second 
metal members 3430 and 3440 are connected by one or more conductive wires 3454 located 
adjacent the outer periphery 3212. 
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While the embodiments of Fig. 14C and 14D use conductive wires to connect the 
sections of the metal member 3400 and thus form a conductive loop, other conductive 
elements may be used, such as one or more metal bands. 

Fig. 14E provides a top view of another embodiment of an inductor device 3000 
having adjustable coupling between a first coil 3100 and a second coil 3200. The 
embodiment of Fig. 14E is similar to the embodiment of Fig. 14A, except that the metal 
member 3400 comprises a plurality of shorted conductors 3460 extending around the outer 
peripheries 31 12 and 3212 and portions of the top and bottom peripheries 3116, 3118, 3216 
and 3218. The shorted conductors 3460 may be individually insulated. The shorted 
conductors 3460 may also be enclosed in an insulating material 3462 for added durability. 

Fig. 14F is another embodiment of the inductor device 3000 having adjustable 
coupling between the first coil 3100 and the second coil 3200. The inductor device 3000 is 
substantially as described with respect to Fig. 14 A, except that the metal member 3400 
defines distal regions 3404 and 3414 between the top peripheries 31 16 and 3216. An 
impedance element 3480 is connected between the distal regions 3404 and 3414. The 
impedance element may have a complex impedance of the form Z = R + jX. The complex 
impedance may be realized by know devices, including circuits comprising capacitors, 
inductors, and resistors. 

Figs. 15, 16 and 17 provide fi-ont, top, and side views of an exemplary inductor 
device 3000 that is constructed in accordance with the principles of the previously described 
embodiments. In the embodiment shown in Figs. 15, 16 and 17, a plurality of metal bands 
3400a and 3400b extend around the first and second outer peripheries 31 12 and 3212 of the 
first and second coils 3100 and 3200. The metal bands 3400a and 3400b comprise steel 
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bands wrapped around the inductor device and clamped by clamps 3401a and 3401b, 
respectively. Inductive coupling between the first coil 3100 and the second coil 3200 can be 
increased by adding additional bands 3400, or can be decreased by removing one or both 
bands 3400a and 3400b. If additional metal bands 3400 are added to increase coupling, the 
5 metal bands 3400 may be added along the outer periphery 3112 and 3212 of the first and 
second coils, or may be added around the metal bands 3400a and 3400b to form layers of 
metal bands 3400. 

In addition to manufacturing of coupled inductor devices according to the disclosed 
embodiments, it is to be appreciated that the coupling of an existing coupled inductor may be 

1 0 adjusted by the relatively easy task of adding one or more metal members 3400. Thus, the 
addition or removal of metal members 3400 provides for a quick and economical method and 
apparatus for adjusting the coupling between a first coil 3100 and a second coil 3200 of an 
inductor device. Accordingly, an inductor device having an initially loose coupling may be 
easily adjusted to have a moderate to tight coupling. This degree of coupling is preferable 

15 for circuits such as the split inductor power factor circuit correction circuit 2000 described 
above. 

While the embodiments of Figs. 13-17 include two C cores 3300 and 3310, it is to be 
appreciated that other core arrangements may also be used, such as a single C core, a toroidal 
core, or other such cores used in coupled inductors. The cores may be constructed of steel, 
20 powdered iron, iron, ferrite, or other known core materials having high permeability. 

Additionally, the cores may further comprise insulated laminations to reduce eddy current 
losses. 
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Alternatively, the core may be constructed from a material with very low 
permeability, such as plastic, or the core may be eliminated. Figs. 18A and 18B provide 
front and top views of an inductor device 3000 with a standard air core and having adjustable 
coupling between the first and second coils 3100 and 3200. The first and second coils 3100 
5 and 3200 are in parallel disposition and disposed on plastic tubular members 3470 and 3472, 
which are in turn supported by plastic side members 3476 and 3478. The first and second 
coils 3100 and 3200 are then essentially two standard air core inductors coupled only by their 
mutual inductance in air. Addition of a metal member 3400 increases the coupUng between 
the first and second coils 3100 and 3200 as previously described. 

10 Finally, while a metal member 3400 is preferred, it is to be appreciated that a 

synthetic member having a high permeability may also be used to increase coupling between 
the first coil 3100 and the second coil 3200. Illustratively, one such synthetic member is 
constructed from a ceramic ferrite material having a high electrical conductivity. 

Another application of the inductor device 3000 is in conjunction with a current 

15 doubler circuit 3500, as shown in Fig. 19. The current doubler circuit 3500 includes a 
transformer 3510 comprising a primary winding 3512 and a secondary winding 3514 
wrapped around a transformer core 3516. The inductor device 3000 is connected across the 
secondary winding 3514, and is fiirther connected to diodes D3100 and D3200, and to the 
output capacitor C3518. The power and control circuitry 3520 monitors the output of the 

20 current doubler circuit 3500 and switches the primary voltage Vp to the transformer 35 10 to 
maintain a desired output voltage Vo. The secondary voltage Vs switches in response to the 
switching of the primary voltage Vp. 
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When Vs is positive, D3 100 is forward biased and D3200 is reversed biased. Thus, 
current I3100 flows through D3100 and the output capacitor C3500, and current I3200 flows 
through D3100, the output capacitor C3518, and the secondary winding 3514 of the 
transformer 3510. When Vs is negative, D3100 is reversed biased and D3200 is forward 

5 biased. Thus, current I3100 flows through D3200, the output capacitor C3518, and the 

secondary winding 3514 of the transformer 3510, and current I3200 flows through D3200 and 
the output capacitor C35 18. Thus, the output current I3500 is the sum of the two currents I3100 
and I3200 flowing through the first and second inductor coils 3100 and 3200, respectively. 
The inductive device 3000 utilized in the current doubler circuit 3500 when the 

1 0 inductor coils are phased "bucking" provides for improved filtering of ripple on the output 
current I3500 versus that achieved using individual inductors. When the inductor coils are 
phased "aiding" the inductive device 3000 reduces the AC inductive component of current 
supplied by the secondary winding 3514. Furthermore, the inductive device 3000 does not 
require sharing a common core with the transformer 3510 to realize this improvement. 

1 5 The inductor device 3000 is also preferable for other power circuits, such as a 

multiple output power supply in which a core shares windings of inductors for the multiple 
outputs. 



INRUSH LIMITING CIRCUIT 4000 

20 An inrush limiting circuit 4000, as illustrated in Figs. 20A and 20B, comprises a 

silicon controlled rectifier (SCR) bridge circuit 4001, an SCR drive circuit 4100, a phased 
soft start circuit 4200, and a zero cross detection circuit 4300. 
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The SCR bridge circuit 4001 comprises first and second input terminals 4002 and 
4004 that receive an AC power source signal. The first input terminal 4002 is connected to a 
diode D4012 and an SCR device, illustratively an SCR T4014. The second input terminal is 
connected to the diode D4016 and SCR T4018. A first output terminal 4022 is connected to 
5 SCRs T4014 and T401 8, and the second output terminal 4024 is connected to the diodes 
D4012 and D4016. The SCRs T4014 and T4018 are tumed on and allowed to conduct by 
applying a short pulse to their gates when a positive voltage is applied across their anode and 
cathode. Each SCR T4014 and T4018 turns off when a reverse voltage is appUed across its 
anode and cathode. 

10 The time beginning after the vohage across the anode and cathode of an SCR goes 

positive and continuing until the SCR is tumed on is referred to as the phase delay. 
Increasing the phase delay reduces the output voltage across the output terminals 4022 and 
4024. By selectively decreasing the phase delay from a large phase delay during an initial 
loading of the SCR bridge circuit 4001, the inrush current associated with various electrical 

15 devices when power is first applied can be limited, thus preventing damage to the electrical 
devices and excessive inrush ciurents firom the input power source. 

The inrush limiting circuit 4000 controls the phase delay of the SCRs T4014 and 
T4018. The SCRs T4014 and T4018 are phase controlled during power up to limit the inrush 
current by introducing a large phase delay during initial loading, and gradually decreasing the 

20 phase delay until the SCRs T4014 and T4018 remain fully phased on during normal 
operation. 

During normal steady state operation the SCR drive circuit 4100 provides gate signals 
for turning on SCRs T4014 and T4018 substantially at the time when the voltage across the 
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anode and cathode of a particular SCR goes positive. When the SCR drive circuit 4100 is 
enabled, the SCRs T4014 and T4018 are fully conducting and maximum power is provided 
to the load or electrical device attached to output terminals 4022 and 4024. 

The phased soft start circuit 4200 phases in the SCR drive circuit 4100 when a load or 

5 electrical device is coupled to output terminals 4022 and 4024. The SCR drive circuit 4100 
is initially disabled when power is applied to the input terminals 4002 and 4004, and tumed 
on after a large phase delay is provided for the SCRs T4014 and T4018. The phased soft 
start circuit 4200 phases in the SCR drive circuit 4100, steadily decreasing the phase delay 
until the phase delay is eliminated, at which time maximum power is provided to the load or 

10 electrical device coupled to output terminals 4022 and 4024. 

The zero cross detection circuit 4300 monitors the AC input voltage applied to the 
input terminals 4002 and 4004 for a zero crossing event. At the occurrence of a zero crossing 
event, the zero cross detection circuit 4300 provides a zero cross signal to the phased soft 
start circuit 4200. The phased soft start circuit 4200 resets a phase delay signal upon 

15 receiving the zero cross signal, which in turn increases the instant phase delay of the SCRs 
T4014and T4018. 

Shown in Fig. 21 is a more detailed block diagram of an exemplary embodiment of 
the inrush limiting circuit 4000. The zero cross detection circuit 4300 illustratively 
comprises a voltage divider 4302 and a pulse generator 4304. The voltage divider 4302 
20 receives an AC power signal and outputs a proportional amount of the signal. The pulse 
generator 4304 monitors the voltage divider 4302 output and generates a pulse when the 
voltage divider 4302 output is at or near zero volts. 
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The phased soft start circuit illustratively comprises a first phase signal generator 
4202 and a second phase signal generator 4204. The second phase signal generator 4202 is 
periodically reset with each zero crossing event detected by the zero cross detection circuit. 
The outputs of the first and second phase signal generators 4202 and 4204 are summed and a 
5 comparator 4206 compares the summed output signal to a reference value. Depending on the 
comparison, the SCR drive circuit 4300 is either enabled or disabled. 

Shown in Fig. 22 A is a schematic diagram of a preferred SCR drive circuit 4100. 
Operation of the SCR drive circuit 4100 is explained in detail in U.S. Patent No. 5,654,661, 
the disclosure of which is incorporated herein by reference, and to which the reader is 

10 referred to obtain a detailed understanding of the SCR drive circuit 4100. The SCRs T4014 
and T4018 are driven with a current from the emitters of Q210a and Q210b, respectively. 
Added to the SCR drive circuit 4100 are leads QBa and QBb. Lead QBa is connected to the 
base of the PNP transistor Q212a, and lead QBb is connected to the base of PNP transistor 
Q212b. The phase soft start circuit 4200 inhibits operation of the SCR drive circuit 4100 by 

1 5 applying a voltage substantially equal to the supply voltage Vcc to the bases of the PNP 
transistors Q212a and Q212b. The transistors Q212a and Q212b are thereby shut off. 
Accordingly, transistors Q210a and Q210b cannot provide gate signals to the SCRs T4014 
and T4018. 

Shown in Fig. 22B is a schematic diagram of a preferred phased soft start circuit 4200 
20 and the zero cross detection circuit 4300. Diodes D4210 and D4212 interface the phase 
control circuit 4200 to the gate drive circuit 4100. 

The PMOS transistor Q4214 fimctions as a comparator. The source of the transistor 
Q4214 is at a voltage of Vcc, and the gate of the transistor Q4214 is at a voltage equal to the 
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sum of the voltages across capacitors C4216 and C4218. Thus, when the sum of the voltages 
across the capacitors C4216 and C4218 and the gate threshold voltage of the Transistor 
Q421 14 is less than Vcc the transistor Q4214 tums on. When the transistor Q4214 is on, Vcc 
is appUed through the diodes D4210 and D4212 to the bases of the bases of the PNP 
5 transistors Q212a and Q212b, and the SCR drive circuit 4100 is inhibited as described above. 
When the transistor Q4214 is off (i.e., the sum of the voltages across the capacitors C4216 
and C421 8 and the gate threshold voltage of the transistor Q4214 is equal to or greater than 
Vcc), the SCR drive circuit 4100 functions normally. 

The voltages across the capacitors C4216 and C4218 provide first and second phase 

1 0 signals, respectively. The voltage across the capacitor C42 1 8 is a periodic waveform that is 
reset at each zero crossing event, and is produced by injecting a first current Ic42i8 into the 
capacitor C4218. The first current Ic42i8 is provided from a current mirror formed by PNP 
transistors Q4220 and Q4222, and resistors R4224, R4226 and R4228. The resistor R4228 
primarily determines the current value of the first current Ic42i8 flowing firom the collector of 

1 5 transistor Q4222. The magnitude of the first current Ic42i8 is preferably higher than the 
leakage current of the capacitor C4218. 

A diode D4230 connects the collector of transistor Q4222 to the collector of a 
phototransistor Q4232. When the phototransistor Q4232 is off, the current Ic42i8 niust flow 
through the capacitor C4218, as it is blocked by a diode D4234. When a zero crossing event 

20 occurs, the phototransistor Q4232 is tumed on and the capacitor C4218 discharges, thus 
reducing its voltage. When the phototransistor Q4232 tums off, the voltage across the 
capacitor C4218 begins to increase. 
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The voltage across the capacitor C4216 is a steadily rising ramp voltage produced by 
the injection of the first current Ic42i8 and a second current Ic42i6. The second current Ic42i6 is 
provided fi-om a current mirror formed by PNP transistors Q4220 and Q4236, and resistors 
R4224, R4228, and R4238. The resistor R4228 primarily determines the current value of the 

5 second current Ic42i6 flowing from the collector of transistor Q4236. The magnitude of the 
sum of the first current Ic42i8 and the second current Ic42i6 is preferably higher than the 
leakage current of the capacitor C4216. 

Because the first and second currents Ic42i8 and Ic42i6 are dependent on Vcc, and 
because the sum of the voltages across the capacitors C4216 and C4218 is essentially 

10 compared to Vcc, performance of the phased soft start circuit 4200 and phase-in the SCR 
drive circuit 4100 is independent of the value of Vcc- 

An inhibit signal, SCR_INH, may also be applied to the gate of the transistor Q4214 
to inhibit the SCR drive circuit 4100. A control circuit may be configured to monitor the 
load or electrical device attached to the output terminals 4022 and 4024 and apply the inhibit 

1 5 signal SCR_INH if a high inrush current or over-voltage condition is detected. 

As previously described, when the phototransistor Q4232 is turned on at the detection 
of a zero crossing event by the zero cross detection circuit 4300, the voltage across the 
capacitor C4218 is reset to an initial value and begins to increase as the capacitor begins 
recharging. The zero crossing detection circuit 4300 monitors the AC power signal through a 

20 voltage divider network comprising resistors R43 1 0, R43 1 2 and R43 1 4. The resistor R43 1 2 
is a load resistor of a full wave rectifier comprising diodes D4316, D4318, D4320, and 
D4322. Thus, the voltage across the resistor R4312 is a fiill wave rectified voltage that is 
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proportional to the AC power signal. Accordingly, when the voltage across the resistor 
R4312 is at zero volts, a zero crossing event has occurred in the AC power signal 

The voltage across the resistor R4312 is applied to the zener diodes D4324 and 
D4326. A capacitor C4328 is connected in parallel with the zener diode D4324, which in 
5 turn has its cathode connected to the drain of a JFET transistor Q4330 through a resistor 
R4332 and LED D4334. Additionally, the anode of the zener diode is connected to the 
source of the transistor Q4330. Thus, when the transistor Q4330 is off, current flow from the 
drain to the source is inhibited and the capacitor C4328 charges up to the zener voltage of the 
diode D4324. When the transistor Q4330 is on, the capacitor C4328 discharges through the 

1 0 resistor R4332 and LED 4324. Accordingly, the LED turns on the phototransistor Q4232 
and the voltage across the capacitor C4218 is reset. 

The zero cross detection circuit 4300 is also self powered from the voltage divider 
formed by resistors R4310, R4312 and R4314. Thus, a separate supply voltage is not needed 
for the zero cross detection circuit 4300. 

15 A zero crossing event is detected as follows. When the voltage across the resistor 

R4312 is larger than a threshold voltage set by the sum of the voltage across zener diode 
D4324 and the threshold voltage of JFET transistor Q4330, the transistor is off and no 
current will flow between the drain and source. The gate of the transistor Q4330 will be 
reverse biased and protected by the zener diode D4326, When the vohage across the resistor 

20 R4312 is smaller than the threshold voltage set by the sum of the voltage across zener diode 
D4324 and the threshold voltage of JFET transistor Q4330, the transistor Q4330 turns on and 
begins conducting current from the capacitor C4328 through the LED D4334. The 
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phototransistor Q4232 is thereby activated, and the voltage across the capacitor C4218 is 
reset. 

In the illustrative embodiment of Fig. 22B, the zero cross detection circuit 4300 is 
configured to activate the JFET transistor Q4330, and thereby activate the phototransistor 
5 Q4232, prior to the voltage across the resistor R4312 actually reaching zero volts. Thus, the 
capacitor C4328 discharges slightly before the AC power signal actually reaches zero volts. 
By slightly anticipating the zero crossing event, the SCR drive circuit 4100 is inhibited so as 
to prevent an SCR gate drive signal from being present during or after the actual zero 
crossing of the AC power signal. 

10 Accordingly, the zero crossing detection circuit 4300 may be configured to have a 

zero crossing window. The size of the zero crossing window is dependent on the zener 
voltage of the zener diode D4324, the dividing ratio of the voltage divider formed by 
resistors R43 10, R43 12, and R43 13, and by the particular transistor Q4330. Design criteria 
may also include the propagation delay in the zero cross detection circuit 4300, the phased 

15 soft start circuit 4200, and the SCR drive circuit 4100. Of course, the zero crossing window 
may be eliminated, and the inrush limiting circuit may rely solely on line commutation of the 
SCRs T4014and T4018. 

From the foregoing description, it is now understood that the transistor Q4214 is 
initially on when the inrush limiting circuit 4000 is activated, thus inhibiting the SCR drive 

20 circuit 4100. The sum of the voltages across the capacitors C4216 and C4218 is compared to 
a Vcc and the threshold voltage of the transistor Q4214. If the summed voltage across the 
capacitors C4216 and C4218 exceeds Vcc minus the threshold voltage of the transistor 
Q4214, the transistor Q4214 is off and the SCR drive circuit 4100 fimctions normally. 
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The voltage across the capacitor C4216 steadily rises to approximately Vcc, at which 
time transistor Q4214 is fully off and the SCR drive circuit functions normally. While the 
voltage across the capacitor C4216 is rising, however, the voltage across the capacitor C4218 
is periodically rising and reset at each zero crossing event. Accordingly, the transistor Q4214 

5 switches from an on state to an off state when the summed voltage across the capacitors 
C4216 and C4218 exceeds Vcc minus the threshold voltage. When the voltage across the 
capacitor C4218 is reset, the transistor Q4214 switches from an off state back to an on state, 
inhibiting the SCR drive circuit 4100. As time progresses, the duration of the off state 
compared to the on state of the transistor Q4214 increases, until the transistor Q4214 is fully 

10 off Thus, the SCR drive circuit 4100 is phased in, and the inrush current associated with a 
load or electrical device is thereby limited. 

By choosing the charging rate of the capacitors C4216 and C4218, the phase-in of the 
SCR drive circuit may be adjusted accordingly. The charge rate may be changed by 
adjusting the values of the capacitor C4216 and C4218, and also by adjusting the value of the 

1 5 resistors R4224, R4226, R4228, and R4238. In particular, R4228 may be made a variable 
resistor. Furthermore, by lengthening or decreasing the detection window of the zero cross 
detection circuit 4300 as described above, the phase-in of the SCR drive circuit 4100 may be 
further adjusted. 



20 SERIES CONNECTED FULL BRIDGE CIRCUIT 5000 

Fig, 23 provides a block diagram of a preferred series connected full bridge circuit 
5000. The series connected full bridge circuit 5000 comprises an input stage 5 100, a 
transformer stage 5200, and an output stage 5300. 
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The series connect full bridge circuit 5000 provides for resonant power conversion for 
soft switching. The input stage 5100 includes a first bridge circuit 5102 and a second bridge 
circuit 5104, each of which comprise a plurality of switching elements that are AC coupled 
by capacitors 5 106. The first and second bridge circuits 5 104 and 5 106 are symmetric about 
5 a bank node 5 1 08. Input terminals 5 1 07 and 5 1 09 receive a DC input voltage wherein the 
first and second bridge circuits 5104 and 5106 cause the bank node 5108 to be at a potential 
that is midway between the potentials at the input terminals 5107 and 5109. Thus, the DC 
vohage measured from terminal 5107 to the bank node 5108 is substantially equal to the DC 
voltage measured from the bank node 5108 to terminal 5109. 

1 0 The output of the first bridge circuit 5 1 02 is provided to a first primary winding 5202 

of the transformer 5200, and the output of the second bridge circuit is provided to a second 
primary winding 5204 of the transformer 5200. The first and second primary windings 5202 
and 5204 of the transformer are coupled by a coupled inductor 5208. The coupled inductor 
5208 may be connected either on the primary side or the secondary side of the transformer 

1 5 5200. The output of the transformer 5200 is center tapped and provided to the output circuit 
5302. A DC output vohage is provided across the output terminals 5304 and 5306, 

Fig. 24 provides a schematic diagram of a first embodiment of the series connect split 
full bridge circuit 5000. The first bridge circuit 5 1 02 comprises a first switch S5 1 1 0 and a 
second switch S5 1 1 2. A diode D5 1 1 6 connects the input terminal 5 1 07 and the collector of 

20 the switch S5 1 1 0 to a second terminal 52 1 Ob of the first primary winding 5210. The second 
terminal 5210b is also directly connected to the collector of the second switch S5 1 12. The 
emitter of the switch S51 12 is connected to the bank node 5108, and the emitter of the first 
switch S5 1 1 0 is connected to the bank node 5 1 08 through diode D5 1 1 8. Furthermore, the 
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emitter of the first switch S51 10 is also connected to the first terminal 5210a of the first 
primary winding 5210 through a first winding L5222 of a coupled inductor L5220. When the 
switches S51 10 and S51 12 are closed, an input voltage Vin is appHed across the terminals 
5210a to 5210b of the first primary winding 5210. 
5 The second bridge circuit 5 1 04 is symmetric about the bank node 5 1 08 to the first 

bridge circuit 5102. The second bridge circuit 5104 comprises a third switch S5130 and a 
fourth switch S5132. A diode D5136 connects the input terminal 5109 and the emitter of the 
third switch S5130 to a second terminal 5212b of the second primary winding 5212. The 
second terminal 5212b is also directly connected to the emitter of the fourth switch S5132. 

10 The collector of the switch S5132 is connected to the bank node 5108, and the collector of 
the third switch S5130 is connected to the bank node 5108 through diode D5138. 
Furthermore, the collector of the third switch S5130 is also connected to the first terminal 
5212a of the second primary winding 5212 through a second winding L5224 of the coupled 
inductor L5220. When the switches S5130 and S5132 are closed, an input voltage Vin is 

1 5 applied across the terminals 52 1 2b to 52 1 2a of the second primary winding 521 0. 

The input capacitors C5140 and C5142 couple the bank node 5108 to the input 
terminals 5107 and 5109, respectively. The DC input voltage applied across the terminals 
5107 and 5109 is evenly divided across the input capacitors C5140 and C5142. The input 
capacitors C5140 and C5142 are sufficiently large so that the DC voltage components do not 

20 appreciably change during a transition of the switches S5 1 1 0, S5 1 1 2, S5 1 30 and S5 1 32. 

A first coupling capacitor C5144 bypasses the diodes D51 18 and D5138 and provides 
AC coupling of the emitter of the first switch S51 10 to the collector of the third switch 
S5130. Likewise, a second coupling capacitor C5146 provides AC coupling of the collector 
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of the second switch S51 12 to the emitter of the third switch S5132. The coupUng capacitors 
C5144 and C5146 provide for tight AC coupling between the switches S51 10, S51 12, S5130 
and S5132 that occurs naturally in a conventional full bridge converter. The coupling 
capacitor C5144 is coupled to the first terminals 5210a and 5212a through the coupled 
5 inductor L5220, and thus is charged to a DC voltage substantially equal to Vin. Similarly, 
the coupling capacitor C5146 is coupled to the second terminal 5210b and 5212b, and thus is 
charged to a DC voltage substantially equal to Vin. Preferably the coupling capacitors 
C5144 and C5146 have capacitances that are greater than the capacitance of the switches 
S5I10, S51 12, S5130 and S5132 so that the DC voltage component of the coupling 

1 0 capacitors C5 1 44 and C5 1 46 does not appreciably change during transition of the switches 
S5110, S5112, S5130 and S5132. The DC blocking of the capacitors C5144 and C5146 thus 
enables the switches to be split in separate bridges across the first and second primary 
windings 5210 and 5212, and the AC coupling allows the switches to function as if they 
were directly connected in a fiill bridge. 

15 The output circuit 5302 illustratively comprises diodes D5310 and D5312, an output 

capacitor C5314 and an output inductor L5316 configured as a buck converter output stage 
while a buck converter output stage is shown, other converter stages may be used, such as in 
boost converter stage. The first terminal 5214 of a first secondary winding 5214 is connected 
to the output terminal 5304 and the output capacitor C5314 through the diode D5310, and a 

20 second terminal 5216b of a second secondary winding 5216 is connected to the output 
terminal 5304 and the output capacitor C5314 through the diode D5312. The second 
terminal 5214b of the first secondary winding 5214 is connected to the first terminal 5216a 
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of the second secondary winding 5216. The output terminal 5306 is connected to the second 
terminal 5214b and the first terminal 5216a through the output inductor L5316. 

Thus, when the switches S5110 and S5112 are closed and the switches S5130 and 
S5132 are open, the diode D5310 is forward biased and current flows from the first terminal 
5 52 1 4a, through the diode D53 1 0, through the output load and capacitor C53 1 4, and retums 
through the inductor L5316. D5312 is reversed biased and does not conduct. Likewise, 
when the switches S5130 and S5132 are closed, diode D5312 is forward biased and current 
flows from the second terminal 5216b, through the diode D5312, through the output load and 
capacitor C5314, and retums through the inductor L5316. D5310 is reversed biased and does 

10 not conduct. Therefore, current flow alternates between the two primary windings 5210 and 
5212, with current flowing in one of the primaries each half cycle. 

While the switches S51 10, S5 1 12, S5130 and S5132 are illustratively IGBT devices 
coupled to base resistors, altemative switches may be realized by using MOSFETs, BJTs, or 
other switching devices. It is to be understood that the operation of the series connected full 

15 bridge circuit 5000 takes into account the inherent parasitic capacitance of the particular 
device used to realize the switches S51 10, S51 12, S5130, and S5132. Accordingly, each 
switch S51 10, S51 12, S5130, and S5132 is thus bypassed by the inherent capacitance of the 
device used to realized the switch. Furthermore, depending on the capacitance of the 
switching devices used, separate bypass capacitors may also be added across the switches to 

20 increase ZVS performance. The phantom capacitors C5 1 1 0, C5 1 1 2, C5 1 30, and C5 1 32 in 
Figs, 24-26 are thus to be understood to represent either the inherent parasitic capacitance of 
their corresponding switches, or to represent separate parallel capacitors. 
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An exemplary controller for the switches S5110, S51 12, S5130 and S5132 is a 
UC3879 Phase-Shifted PWM Controller manufactured by Unitrode Corporation/Texas 
Instruments. The UC3879 integrated circuit provides control, decoding, protection and drive 
functions for operation of a DC/DC converter with phase-shifted control. During operation 
5 of the series connected split full bridge circuit 5000, the switches S5 1 1 0, S5 1 1 2, S5 1 30 and 



S5132 are switched on and off according to the following transition table: 



Switch 


Switch S51 10 


Switch S5 112 


Switch S5 130 


Switch S5 132 


State 


Status 


Status 


Status 


Status 


1 


ON 


ON 


OFF 


OFF 


2 


OFF 


ON 


OFF 


OFF 


3 


OFF 


ON 


ON 


OFF 


4 


OFF 


OFF 


ON 


OFF 


5 


OFF 


OFF 


ON 


ON 


6 


OFF 


OFF 


OFF 


ON 


7 


ON 


OFF 


OFF 


ON 


8 


ON 


OFF 


OFF 


OFF 


9 


ON 


ON 


OFF 


OFF 



Figs. 25 A - 25E provide the equivalent circuit diagram for the circuit of Fig. 24 when 
the switches are in the Switch States 1-5, respectively. 

10 During Switch State 1, shown in Fig. 25 A, switches S51 10 and S51 12 are closed, and 

an input voltage of Vin is applied across the first primary winding terminals 5210a and 
5210b. Accordingly, an equal voltage is forced across the primaries 5212a and 5212b, as the 
primary windings 5210 and 5212 share the same transformer core. A current Ip flowing 
through the first primary winding 5210 conducts through the path 5400 as shown. Because 

15 the switches S5130 and S5132 are open, very little current flows through the second bridge 
5104, and the capacitors C5130 and C5132 are each charged to a magnitude of 
approximately Vin- Thus, the voltages on the first and second bridges 5102 and 5104 match 
as in a conventional fiiU bridge converter. 
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During the transition to Switch State 2, as shown in Fig. 25B, S51 10 is turned off, and 
the voltage across the primary terminals 5210a and 5210b rapidly collapses to zero. 
Likewise, the voltage across the primary terminals 5212a and 5212b also collapses to zero. 
The output inductor L53 16 provides energy to the output load through the current Il5316. The 
5 current Ilssi 6 decreases as the inductor L53 16 continues to provide power to the output load. 
As the current Il5316 freewheels through diode D5310, the primary current Ip is induced in 
the primary winding 5210. However, as the voltage across the primary winding 5210 
collapses, the current Ip charges the capacitor C51 10 up to a voltage of Vin. This causes the 
voltage across the capacitor C5130 to discharge to zero volts. Once the voltage across the 

1 0 open switch S5 1 1 0 is at Vjn, the current Ip conducts through the diode D5 1 1 8 and through 
the path 5402 as shown. The switch S5130 is then turned on when the voltage across the 
capacitor C5130 is at zero volts, resulting in the equivalent circuit of Fig. 25C. 

Switch S51 12 is then turned off, resulting in the equivalent circuit of Fig. 25D. 
During this transition, the coupled inductor L5220 provides energy to induce the primary 

1 5 current Ip. The current Ip charges the capacitor C5 1 1 2 up to a voltage of Vim. Once the 
voltage across the across the capacitor C51 12 is at Vjn, the current Ip conducts through the 
diode, D51 16 and D51 18, through the path 5404 as shown. Thus, the voltage across the 
capacitor C51 12 is clamped to the voltage across the capacitor C5146, which is equal to Vin. 
Therefore, the voltage across the capacitor C5132 is at zero volts. The switch S5132 is then 

20 turned on, resulting in the equivalent circuit of Fig. 25E. 

Transition through the remaining Switch States 6-9 is substantially similar to 
transition through Switch States 2-5, except that the polarities of the voltages across the 
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primary windings 5210 and 5212 are reversed. Thus, ZVS switching is provided for all 
switches S5110, S5112, S5130 and S5132. 

It is to be appreciated that the windings L5222 and L5224 may also be separate on 
separate inductors that are not coupled. However, this tends to reduce the coupling between 
the transformer primary windings 5210 and 5212 provided by the coupled inductor L5220, 
which impedes ZVS performance. Thus, a coupled inductor L5220 comprising the windings 
L5222 and L5224 is preferred. Illustratively, the windings L5222 and L5224 share a toroidal 
core and are tightly coupled. 

An alternative embodiment is shown in Fig. 26. In this embodiment, the coupled 
inductor L5220 is connected to the secondary windings 5214 and 5216 of the transformer 
5202, The first inductor winding L5222 is connected between the first terminal 5214a of 
the first secondary winding 5214 and the diode D5310, and the second inductor winding 
L5224 is connected between the second teraiinal 5216b of the second secondary winding 
5216 and the diode D5312. ZVS switching occurs in the same manner as described with 
respect to Figs. 25A-25E. 

POWER SUPPLY UNIT AND CONTROL SYSTEM 

Shown in Fig. 27 is a block diagram of a preferred power supply unit ("PSU") 7000 
that comprises a plurality of power trains 7002, 7004, and 7006 (three in this example) that 
receive AC input power and generate a combined DC output voltage. In the example shown 
in Fig. 27, each power train receives power from a different phase of a 3 phase AC power 
source, but, in other embodiments some or all of the power trains could receive power fi-om 
the same phase of a multi-phase AC power source, all of the power trains could receive 
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power from a single phase AC power source, or some or all of the power trains could receive 
power from other AC power source configurations. The preferred PSU 7000 further 
comprises a combined control assembly ("CCA") 7008 that preferably is a digital control 
assembly ("DCA"). The CCA 7008, among other things, takes power measurements from 
5 the output of each power train and generates control signals that are supplied to the power 
trains to affect the output generated by each power train. 

The power trains 7002, 7004, 7006 preferably are of similar architecture wherein each 
power train comprises a power factor correction ("PFC") circuit 7010 and a DC/DC 
converter circuit 7012. The PFC circuit 7010 could be of any suitable topology known by 

10 those skilled in the art such as boost circuit, or alternatively could be of a configuration 
similar to the preferred PFC circuit 2000 described earlier in this detailed description. 

The DC/DC converter circuit 7012 could be of any suitable topology known by those 
skilled in the art such as a half bridge converter, fiill bridge converter, forward converter, 
resonant transition converter, PWM converter, buck converter, boost converter, or other 

15 switching converter topologies, or alternatively could be of a topology similar to the 
preferred series connected fiiU bridge circuit 5000 described earUer in this detailed 
description. As illustrated in Fig. 28, the preferred DC/DC converter 7012 comprises a 
power generation circuit 7014 and a control circuit 7016. The power generation circuit 7014 
preferably comprises a switching circuit 7018, a transformer circuit 7020, and a power 

20 rectifier circuit 7022. The control circuit 70160 comprises circuitry to generate control 
signals to drive switches in the switching circuit 7018 based, at least in part, on feedback 
from the power rectifier circuit 7022. 
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Shown in Fig. 29 is a more detailed schematic of an exemplary power generation 
circuit 7014. The switching circuit 7018, comprises a plurality of switches, switch A, switch 
B, switch C, and switch D, that are controlled by a control circuit 7016, which causes a 
regulated DC output to be generated at output terminals 7024, 7025. The power rectifier 
5 circuit 7022 preferably includes a current sense circuit 7026 that provides an output current 
signal loutj (e.g. Iout_i,Iout_2, or loutj) that indicates the amount of D.C. current the DC/DC 
converter 7012 provides to a load. 

As illustrated in Fig. 30, each control circuit 7016 in the preferred PSU 7000 
preferably is included in an overall PSU feedback loop. The preferred PSU feedback loop 
10 comprises the combined control assembly ("CCA") 7008 and a control circuit 7016 for each 
power generation circuit 7014. The CCA 7008 takes measurements from the output of each 
power generation circuit 7014 and measurements from the PSU's combined D.C. output and 
generates error signals that are provided to each control circuit 7016. Each control circuit 
7016, based on the error signals provided to it by the CCA 7008, generates control signals to 
15 drive the switches in the switching circuits. 

A preferred control circuit 7016 is illustrated in Fig. 31. The preferred control circuit 
comprises an error signal conditioning circuit 7028, a switch control signal generator circuit 
7030, and a switch control signal driver circuit 7032. The preferred error signal conditioning 
circuit 7028 receives a common error signal and a specific error signal from the CCA 7008, 
20 combines the two error signals, and transmits a combined error signal to the switch control 
signal generator circuit 7030. The common error signal is preferably a pulse width 
modulated ("PWM") signal that represents the correction needed to drive the overall output 
of the PSU to a desired level. The common error signal is a signal that is commonly 
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provided to each control circuit 7016. The specific error signal is preferably a PWM signal 
that represents the correction that a specific power generation circuit 7014 should make. 
Each specific error signal is specific to each control circuit 7016. A more detailed schematic 
of an exemplary error signal conditioning circuit 7028 is shown in Fig. 32 wherein the 
5 common error signal comprises "^Verrqr and "Verror, the specific error signal comprises 
LDSHR_i, and the combined error signal comprises EA-. 

As illustrated in Fig. 32, the preferred switch control signal generator circuit 7030 
comprises a phase-shifted PWM controller 7034. In the embodiment shown, the phase- 
shifted PWM controller 7034 utilizes a UC 3879 integrated circuit phase-shifted PWM 
10 controller. The phase-shifted PWM controller 7034 generates control signals to drive switch 
A, switch B, switch C, and switch D in the associated power generation circuit 7014. 

Also, illustrated in Fig. 32 is the preferred switch control signal driver circuit 7032. 
The switch control signal driver circuit 7032 conditions the control signals generated by the 
switch control signal generator circuit 7030 so that the control signals can be coupled to the 
15 switches in the associated power generation circuit 7014. 

The CCA 7008 is preferably a digital control assembly ("DCA") 7100 that is 
illustrated in Fig. 33. The DCA 7100 preferably comprises a processor and more preferably 
a digital signal processor ("DSP") 7102, although other processors such as a microprocessor 
or controller could be used. The preferred DSP 7102 is a DSP in the motor control class such 
20 as the TMS320LF2406. The DCA 7 1 00 fiirther comprises input conditioning circuits 7 1 04 
and output circuits 7106. The input conditioning circuits 7104 comprise circuits that measure 
characteristics relating to the PSU, such as the PSU output voltage "^Eout and "Eout, the output 
current Iout_i, lou^, and Iout_3 provided by each DC/DC converter, and the ambient 
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temperature within the PSU, and generate output voltage representations of the 
characteristics that can be sampled by the DSP 7 1 02, The output circuits 7 1 06, based at 
least in part on processing occurring within the DSP 7102, the PSU output voltage "^Eout and " 
Eout, and the PSU output current lout (wherein Iout= lout^i + Iout_2 + loutj), generate the 
5 common error signal ^Verror and 'Verror and the specific error signals LSHR_1 , LSHR_2 
and LSHR__3 that are specific to each DC/DC converter 7012. 

The preferred input conditioning circuits 7104 include a HVS signal conditioning 
ampUfier circuit 7108, an ambient temperature sensor circuit 71 10, and an output current 
conditioning circuit 71 12. A more detailed schematic view of an exemplary HVS signal 

10 conditioning amplifier circuit 7108 is shown in Fig. 34A, a more detailed schematic view of 
an exemplary ambient temperature sensor circuit 71 10 is shown in Fig. 34B, and a more 
detailed schematic view of an exemplary output current conditioning circuit 71 12 is shown in 
Fig. 34C. The HVS signal conditioning amplifier circuit 7108 converts the PSU output 
vohage "^Eout and "Eout to a proportional voltage level that can be sampled by the DSP 7102. 

1 5 The ambient temperature sensor circuit 7110 measures the ambient temperature within the 
PSU and provides a voltage that is proportional to the PSU temperature to the DSP 7102. 
The output current conditioning circuit 7112 converts the output current from each DC/DC 
converter to proportional voltages that can be sampled by the DSP 7102. 

With reference to Figs. 33 and 34D, the DSP 7102 preferably includes an analog-to- 

20 digital converter ("ADC") section 7114 that is used to sample voltages provided at inputs to 
the DSP 7102. The DSP 7102 executes algorithms that cause it to perform computations 
using the sampled voltages and allow the DSP 7102 to provide output signals to the output 
circuits 7106. Two of the output signals the DSP 7102 is preferably programmed to generate 
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are a digital current set point signal and a digital voltage set point signal. Other output 
signals include the specific error signals LSHR_1, LSHR_2 and LSHR_3 that are utilized by 
each DC/DC converter 7012 and two PWM signals PWM_7 and PWM_8 that are used for 
modulating the common error signal "^Verror and "Verror. 
5 The preferred output circuits 7106 comprise a current reference amplifier 71 16, a 

voltage reference amplifier 7118, and a load sharing driver circuit 7120. The current 
reference amplifier 7116 comprises a digital-to-analog converter ("DAC") 7122 and converts 
the digital current set point signal provided by the DSP to an analog current set point signal 
lOSETPT that is used by other output circuits. The voltage reference amplifier 7118 also 

10 comprises a digital-to-analog converter ("DAC") 7124 and converts the digital voltage set 
point signal provided by the DSP to an analog voltage set point signal VOSETPT that is used 
by other output circuits. The load sharing driver circuit 7120, as illustrated in Fig. 34E 
preferably comprises a plurality of gates 7126 that provides the specific error signals 
LSHR^l, LSHR_2 and LSHR_3 that are generated by the DSP with greater drive capability. 

15 The preferred output circuits 7106 further comprise a current summing amphfier 

circuit 7128, a current shift amphfier circuit 7130, and a current error amphfier 7132. As 
illustrated by the exemplary embodiment in Fig. 34F, the current summing amplifier 7128 
receives the voltage signals generated by the output current conditioning circuit 7112 that are 
representative of the output current Iout_i, loutj, and loutj provided by each DC/DC converter 

20 and sums the voltage signals to produce an output voltage signal that is representative of the 
PSU output current lout- The output voltage signal that is representative of the PSU output 
current signal lout is transmitted to the current shift amplifier 7130 which further conditions 
the signal and transmits the conditioned signal to the current error amphfier 7132, as 
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illustrated in Fig. 34G. The current error amplifier 7132 compares the conditioned PSU 
output current signal to the current set point signal lOSETPT. As the conditioned PSU 
output current signal increases to a level at which it begins to exceed the current set point 
signal lOSETPT, the current error signal amplifier 7132 starts generating a current error 
5 signal Ierr that causes the PSU output voltage ^Eout and "Eout to decrease. 

The preferred output circuits 7106 further include a voltage signal conditioning 
amplifier circuit 7134, a voltage error amplifier circuit 7136, and a voltage error modulator 
circuit 7138. The voltage signal conditioning amplifier circuit 7134 receives the PSU output 
voltage "^Eout and "Eout and generates a conditioned representative voltage signal that is 

10 transmitted to the voltage error amplifier circuit 7136. The voltage error amplifier circuit 
7136 compares the conditioned voltage signal to the voltage set point signal VOSETPT. As 
the conditioned representative PSU output voltage signal increases to a level at which it 
begins to exceed the voltage set point signal VOSETPT, the voltage error amplifier circuit 
7136 starts generating a voltage error signal Verr that causes the PSU output voltage ^Eout 

15 and "Eout to decrease. The voltage error signal Verr is transmitted to the voltage error 
modulator circuit 7138, which modulates the voltage error signal Verr using a pair of 
complementary PWM signals PWM 7 and PWM_8 to generate the common error signal 
^Verror and "Verror that is used by each DC/DC converter control circuit. An exemplary 
embodiment of the voltage error modulator circuit is shown in Fig. 34H, The voltage error 

20 amplifier circuit 7136 also receives the current error signal Ierr, which is used to further 
adjust the voltage error signal Verr. 

The DSP 7102, therefore, has the abiUty to control the output of each individual 
DC/DC converter in the PSU through the generation of the specific error signals LSHR_1, 
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LSHR_2 and LSHR_3. The DSP 7102 also has the ability to control the overall PSU output 
through the generation of the current set point signal lOSETPT and the generation of the 
voltage set point signal VOSETPT. 
ACTIVE AC CURRENT BALANCE 
5 The preferred PSU 7000 has the ability to actively balance the AC current drawn 

amongst the power trains 7002, 7004 and 7006 in the PSU 7000. To balance the AC current 
drawn by the power trains, the preferred PSU 7000 utilizes the DSP 7102 in the DCA 7100. 
The DSP 7102, through the generation of the specific error signals LSHR^l, LSHR_2 and 
LSHR_3, affects the level of output current Iout_u Iout_2j and Iout_3 provided by each DC/DC 

10 converter circuit in the PSU 7000. After sampling the output currents Iout_h Iout__2, and loutj 
provided by the current sense circuit 7026 in each DC/DC converter, the DSP 7102 can 
generate appropriate specific error signals LSHR_1, LSHR_2 and LSHR_3 that will cause 
each DC/DC converter circuit 7012 in the PSU 7000 to generate an equal level of output 
current Iout_b Ioul2, and loutj. When all of the DC/DC converters 7012 are generating an 

15 equal level of output current Iout_i, Iout_2, and Iout_3, they will draw an equal level of current 
from the PFC circuits 7010 to which they are coupled. If all of the PFC circuits 7010 are 
providing an equal level of current to the DC/DC converters 7012, then the PFC circuits 7010 
will draw an equal level of AC current from the AC supply assuming the AC voltage is 
balanced in the AC supply. Consequently, by balancing the DC/DC converter output 

20 currents Iout_b Iout_2j and Iout_3, AC current balance can be achieved in the PSU 7000. 

The preferred AC current balance circuit, therefore, comprises the current sense 
circuit 7026 (shown in Fig. 29) in each DC/DC converter 7012 and the circuitry within the 
DCA 7100 that generates the specific error signals LSHR_1, LSHR_2 and LSHR__3. The 
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DSP 7102 preferably generates the specific error signals LSHR_1, LSHR_2 and LSHR_3 
through its use of a ciurent balancing algorithm 7200. 

The preferred current sense circuit 7026 comprises a thevenin resistor R7027 that is 
coupled mto the output path of the DC/DC converter 7012 and associated circuitry that 
5 generates a current measurement that is proportional to the output current loutj flowing 
through the DC/DC converter. 

The preferred current balance algorithm 7200, as illustrated in Fig. 35, instructs the 
DSP to compute the total PSU output current lout by summing the DC/DC converter output 
currents Iout_i, loutj, and loutj wherein the total PSU output current Iout= Iout_i + Iout_2 + loutj 
1 0 (step 7202). The average output current for each DC/DC converter lavg is computed wherein 
lavg = lout / 3 (step 7204). PWM signals (LSHR_1, LSHR_2 or LSHR_3) are generated 
wherein each PWM signal corresponds to a DC/DC converter output current signal Iout_i, 
Iout_2, and loutj (step 7206). Each PWM signal preferably is initially a 150 Khz signal with a 
50% duty cycle. Each DC/DC converter output current signal Iout_i, Iout_2, and loutj is 
1 5 compared to the average output current for each DC/DC converter lavg (steps 7208 and 7209). 
If a DC/DC converter output current signal loutj is greater tiian the average output current 
signal lavg, then preferably the duty cycle of the corresponding PWM signal LSSHRJ 
(wherein LSSHRJ = LSHR_1, LSHR_2 or LSHR_3) is decreased (step 7210) by an 
appropriate amount to cause the DC/DC converter output current to decrease appropriately. 
20 If a DC/DC converter output current signal loutj is less than the average output current signal 
lavg, then preferably the duty cycle of the corresponding PWM signal LSSHRJ is increased 
(step 7212) by an appropriate amount to cause the DC/DC converter output current to 
increase appropriately. For example, if lout.i was 10% greater than lavg, loutj was equal to lavg 
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and loutj was 10% less than lavg, the duty cycle of LSHR_1 and LSHR_3 would be adjusted 
appropriately. The duty cycle of LSHR^l could be decreased 10% and the duty cycle of 
LSHR_3 could be increased 10%. The amount of increase or decrease of the duty cycle can 
be determined by one of ordinary skill in the art. Preferably the current balance algorithm is 

5 executed once per second to adjust the PWM signals (LSHR_1 , LSHR_2 and LSHR_3). 
ADAPTIVE CONTROL CIRCUIT 

The preferred DCA 7100 preferably functions as an adaptive control circuit 7300 as 
illustrated in Fig. 36A. For example, when used with a telecom rectifier the adaptive control 
circuit 7300 adaptively controls a PSU 7000 by preferably monitoring input such as the PSU 

1 0 input voltage, ambient temperature in the PFC and DC/DC converter circuits, individual 
component temperatures, plant size (amp-hour rating of batteries), PSU output voltage and 
PSU output current to optimize the PSU's control algorithms. 

As illustrated in Figs. 36A and 36B, the adaptive control circuit 7300 comprises the 
DSP 7102 in operation with a plurality of control algorithms. Preferably the control 

1 5 algorithms include a voltage loop control algorithm 7302 in which output load current, 
temperature, and battery plant size are control variables, an extended recharge capability 
control algorithm 7304, and a brown-outlDlack-out control algorithm 7306, as shown in Fig. 
37. 

The voltage loop control algorithm 7302 eliminates closed loop instabihty in a 
20 rectifier such as the PSU 7000 that can occur, for example, due to the different size battery 
plants that can be applied to the rectifier, changes in ambient temperature, and changes in 
output load current. The voltage loop control algorithm 52 preferably adds inputs for plant 
size, output current, and ambient temperature into the voltage loop computation in addition to 
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the output voltage input. Adding these inputs can prevent the rectifier from becoming 
unstable under extreme temperature, load, and/or plant size situations. 

The extended recharge capability control algorithm 7304 can adjust the maximum 
output current of the PSU 7000 to beyond the nominal rating preferably depending on the 
5 ambient temperature. This greatly reduces the time or number of PSUs 7000 needed to 
recharge batteries in a power system. The extended recharge algorithm 54 preferably 
monitors the ambient temperature in a select number of individual components and adjusts 
the maximum allowable output current to a level beyond the nominal rating of the rectifier if 
the ambient temperature is below a threshold. For example, in a tightly controlled 

10 environment, such as a central office, a 200 AMP rectifier could provide 250 or 275 Amps in 
a battery recharge situation. The DSP could accomplish this by increasing the current set 
point value by an appropriate amount. This would reduce the number of rectifiers needed 
and/or the time required to recharge the system's batteries. 

The brown-out/black-out control algorithm 7306 allows the PSU to operate at a 

1 5 reduced output current level when the AC input voltage is below the nominal voltage range. 
This will allow the PSU 7000 to supply some of the load during a low AC input voltage 
condition thereby reducing or eliminating battery discharge. The brown-out/black-out 
control algorithm 7306 preferably monitors the input voltage and reduces the maximum 
output current of the rectifier based on the input voltage. This allows a power system to 

20 provide some power where existing systems would have shut down due to, for example, 
input voltages that are too low. For example, the DSP can accomplish this by reducing the 
current set point value by an appropriate amount if the input AC voltage is below a threshold 
level. 

50 

CLI-U13620vl 
560043-630064 



CONCLUSION 

Other variations from these systems and methods should become apparent to one of 
ordinary skill in the art without departing from the scope of the invention defined by the 
claims. The embodiments described herein and shown in the drawings are examples of 

5 structures, systems or methods having elements corresponding to the elements of the 
invention recited in the claims. This written description and drawings may enable those 
skilled in the art to make and use embodiments having altemative elements that likewise 
correspond to the elements of the invention recited in the claims. The intended scope of the 
invention thus includes other structures, systems or methods that do not differ from the literal 

10 language of the claims, and further includes other structures, systems or methods with 
insubstantial differences from the literal language of the claims. Although some of the 
embodiments have been described with reference to a telecommunication rectifier, it is 
understood that the invention is applicable to other power systems. It is also to be 
understood that the invention is not limited to use with a telecommunication rectifier unless 

1 5 exphcitly limited by the claims. 
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